Abstract
Introduction
One of the increasing major problems faced with the cultivation and consumption of ready-to-eat fresh produce has been the escalating rates of disease outbreaks. (1) Leafy green vegetables such as cabbage, baby spinach and lettuce have been classified by the World Health Organization (2) as a priority focus area relating to the safety of fresh produce from a global perspective. This is mainly due to the increased consumption of these raw vegetables and the frequency of disease outbreaks associated with leafy green vegetables.
Leafy green vegetables are cultivated across different production systems ranging from large-scale commercial (3) to small-scale farms, (4) as well as homestead gardens. (5) General good agricultural practices such as GLOBALG.A.P. requirements have been implemented in commercial farms and contribute to a lower risk of associated outbreaks. (6) Under-reporting of foodborne illness outbreaks associated with the farm-to-fork continuum have been highlighted by some authors. (7) One common challenge of primary production across farming systems is the contamination of fresh produce with waterborne pathogens, arising from contaminated source water for irrigation. (1) It is therefore important to note that water is a significant source of contamination of food produce; for this reason, much attention has been given to the role of irrigation water in fresh produce supply chains.
(1) Sources of water used for irrigation include rivers, (8) borehole, harvested rain water (9, 10) and groundwater. Roof harvested rainwater (RHRW) offers an alternative to relieve pressure on existing natural scarce water sources. (9) The probability that these sources of water will be contaminated by human pathogens varies considerably depending on several factors (11) such as surface runoff. Pathogens causing diseases in humans such as
Yersinia enterocolitica, verocytotoxin-producing Eschericha coli, Salmonella species (spp.), and
Shigella spp. (12) as well as opportunistic pathogens (13) have been detected in irrigation water.
Various techniques for microbial detection have evolved over the years resulting in a paradigm shift for diagnostics. (14) The conventional viable culture method for detecting microbial pathogens in both irrigation water and fresh produce are being supplemented by rapid molecular approaches. (15) New methods for the detection (PCRs) (13) , characterization (16) and identity confirmation (matrix-assisted laser desorption ionization time of flight mass spectrometry) (17) of pathogens are being developed in an effort to overcome the limitations such as accuracy and sensitivity of the conventional culture techniques. (10) The rapid characterization of such pathogens, including phylloplane inhabitants, is imperative to food safety research and epidemiology. Therefore, this paper reviews food safety issues associated with irrigation water sources and safety of leafy green vegetables at different production systems ranging from commercial, small-scale and homestead gardens. Pathogen detection systems will also be discussed in this review.
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Global Water Challenges
The high demand for fresh water supplies is increasing as population growth continues to spiral out of control. (9) High demand for safe quality water is accompanied with challenges to provide clean potable supplies that minimize public health concerns. (18) This growing demand for water ‗fit-for-purpose' is further complicated by the rapid increase in urbanization, industrialization, global warming and the impact of climate change on water source. Most regions around the world are either faced with the challenge to address freshwater shortages or prevent further pollution of the readily available water resources. (19) Disease outbreaks linked to the microbiological quality of water is also an important public health concern. Between 1999-2000
in the United States of America, a total of 39 disease outbreaks and an estimated 2,068 illnesses associated with drinking water were reported by Lee et al. (20) These global challenges are threatening to reduce agricultural yields and further increase the contamination of various water sources.
Irrigation Water Sources
Different sources of water for irrigation exist and these include groundwater, municipal water, rainwater, (21) surface water, (8) and wastewater. (22) Despite not being generally available and expensive, municipal water is considered clean and potable. Groundwater and rainwater are also known sources of quality water while surface water are often considered polluted. (1) However, in many countries, the use of municipal water for irrigation is not encouraged due to water shortages. Ensuring the quality of all water sources is a constant challenge in a global and regional context.
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Surface Water
Surface water includes water found in lakes, ponds, rivers, streams, and other natural watercourses. (23) This valued resource provides water used for drinking and domestic use, irrigation, industrial and for recreational purposes. Although frequently replenished through precipitation, surface water is lost through evaporation and escape into the ground. Surface water sources are also frequently polluted by storm water runoff, animal fecal material or sewage effluent. (8) The microbiological quality of lake water is often considered better than those found in rivers. However, the latter has inconsistent quality fluctuations based on upstream and adjacent activities and changing weather patterns.
(1)
Groundwater
Groundwater is generally of high-quality fresh water. Globally, ground water is the source of one third of all freshwater withdrawals, supplying an estimated 42% of the water used for agricultural purposes. (24) In South Africa, ground water accounts for 13% of all freshwater sources but two thirds of the population is largely dependent on it. (25) The agricultural sector uses about 80% of the groundwater for irrigation purposes in the South Africa (26) making it a critical water source. However, groundwater supplies are diminishing (27) in many parts of the world;
thus, increased use of surface water is required. Such a trend leads to use of water sources that have a greater prevalence of pathogen contamination.
Wastewater
The microbiological quality of wastewater is very poor; hence, there is a need for extensive treatment preceding its use for irrigation purpose. Studies have shown that only an estimated 6 10% of wastewater is effectively treated in countries with emerging economies. (1) Therefore, this water source is generally not recommended to be used for agricultural purpose, since it contains pathogenic microorganisms of public health concern. (28) Reclaimed water has also been used for irrigation of fresh produce, leafy greens included. (29) However, there is public perception that irrigation with reclaimed wastewater decreases microbiological food safety leading to its prohibited use on agricultural products that will be consumed by the public.
Rainwater Harvesting
Rainwater harvesting (RWH) is a suitable alternative source of freshwater that could assist in providing for the ever-increasing demand for water. (10, 30) Roof harvested rainwater (RHRW) and ground surface harvested rainwater (GHRW) are the two systems by which water is collected from roof-tops or ground surface runoff and stored in above-ground or underground tanks. (10) The quality of rainwater partly depends on the system through which water is collected. This can be demonstrated with RHRW, which can be polluted by pathogenic bacteria originating from animal droppings and other debris on roof-tops. (9) Possible uses of this source water include drinking or irrigation of domestic food gardens. (31) People in rural areas are increasingly dependent on river water for drinking and GHRW for irrigation purposes. However, due to increased levels of river pollution, (8) people dwelling in rural communities who are deprived access to municipal or borehole water, are thus dependent on this water source. The use of GHRW for irrigation of crops highlights an increased risk of pathogen contamination associated with this practice. (32) This may result from numerous reintroduction events of pathogens such as
Salmonella from domesticated animals such as cattle and other wildlife.
Importance and Microbial Quality of Irrigation Water Sources
In many developing countries such as India, irrigation accounts for over 90% of available water sources for agriculture. (33) In developed nations such as England, water used for irrigation accounts for 1% of water withdrawn from available sources. Yet, water used for irrigation in other developed countries such as Spain and Portugal exceeds 70% of total usage. (33) However, water requirements for irrigation in South Africa are significant, representing about 70% of the total water use within the agricultural sector. (31) It is important to note that amount of water used for irrigation may not be dependent on development but in this case climate.
In the past more attention was given to the microbial quality of drinking water systems,
with fewer concerns about surface water (rivers, streams, etc.) and other natural water sources. (35) This has led to the decline in the quality of surface water. (36) In many developing countries, the poor quality of surface water is largely due to absence and/or poor maintenance of sanitary amenities and poorly serviced informal settlements in close proximity to the rivers. The sudden shift towards the use of RHW as a viable alternative is due to the realization that the conventional sources of water are increasingly constrained and becoming unsuitable for irrigation and domestic purposes. (10, 40) Although the use of RHW is widely recognized for potable purposes, its application for irrigation purposes has not been fully explored. This is despite the fact that it is a feasible option to increase water productivity and therefore crop yields.
(41)
Surface Water and Rooftop Harvested Rainwater Quality in Agriculture
Despite earlier reports considering RHRW to be safe and its compliance with international standards for quality drinking water, (42) subsequent studies have since reported the presence of chemical and/or microbial pollutants at levels above the accepted international standard. (9, 10, 43) Chidamba and Korsten (10) attributed the disparities in these findings to the varying environmental characteristics prevailing in the area. As a result, there is a rise in public health concerns about the quality of water and the ensuing potential risks due to the presence of pathogens.
Rainwater harvested from ground surface runoff (GHRW) can positively improve rainfed agriculture, presenting prospects and opportunities that are almost certainly affordable to small-scale farmers. (44) Despite its positive prospects, GHRW has pollution pathways parallel to those of conventional surface water sources. A widespread range of contaminants including dust, soil, tree leaves, adjacent industrial units, and animal faeces such as birds and insects that access the ground pose a potential health risk if the collected water is untreated and used for irrigation of crops if the produce are to be consumed raw like leafy green vegetables.
Pathogens in Irrigation Water
Bacterial pathogens such as Salmonella spp. have been detected in irrigation water. (45) Chigor et al. (46) detected E. coli O157 in 2% of river water samples from northern Nigeria used for irrigation. A study by Benjamin (47) reported that E. coli O157:H7 was present in streams and tributaries in a leafy green production region of California; however, the pathogen was not detected in irrigation water prior to the point of contact with produce. Aeromonas spp.,
Campylobacter spp., Listeria spp., Salmonella spp. (9, 10, 43, 48) and conventional faecal indicator systems, E. coli (13) and faecal coliforms, which are a source of public health concern, have been detected in alternative irrigation water sources such as RHRW. During precipitation, pathogens are washed into the rainwater tanks, although Sanchez et al. (49) stated that fresh rainwater already contain some microbes prior to falling on the roof-tops. In their recent review, Sanchez et al. (49) indicated that RHRW harbors pathogens such as Legionella spp., Salmonella spp. and
Campylobacter spp. capable of causing illnesses. The presence of these pathogens in irrigation water is a concern for leafy green vegetables consumed raw.
Leafy Green Vegetables
Leafy greens are vegetables that are cultivated for the consumption of their edible leaves; they include, among others, spinach, turnip, cabbage, parsley and lettuce. (2) This review focuses on three leafy green vegetables, cabbage, lettuce and spinach. Cabbage (Brassica oleracea var.
capitata) is believed to have originated from the coast of the North Sea, the English channel and northern Mediterranean (50) (52) The major producers of these crops are China and the United States of America, which produce about 72 million metric tonnes, representing 60% of the annual global production. (52) In contrast, the African continent accounts for a mere 3.78% of the global annual production of these leafy green vegetables ( Figure 1 ). South Africa for instance, produces less than 10,000 and approximately 30,000 tonnes of spinach and lettuce respectively, with an average annual growth rate of 1%. (52) The average production capacity of cabbage in South African was just above 200,000 metric tonnes in 2014. 
Leafy green vegetable production systems
For the purpose of this review, three production systems, namely commercial and small-scale farming, as well as homestead gardens will be discussed.
Commercial farming
Commercial farming can be defined as the production of agricultural products intended for the market to be sold at commercial structures and/or sold to end consumers, fellow farmers and/or direct exports. (53) These farms usually use high levels of inputs such as greenhouses and other high-tech equipment. In South Africa commercial farmers provide 80% of South-African agricultural output. Several studies have been conducted regarding food safety at leafy green vegetable commercial farming systems. (54) Research concerning food safety (search keywords:
foodborne pathogens, leafy greens, commercial farms) at commercial farms has been increasing 
Small-scale farming
A small farmer's operation is too small to attract the provision of the services needed to significantly increase productivity. Kirsten and van Zyl (55) stated that turnover, rather than land size, could determine the size of the farm. In most cases, especially in South Africa, food safety protocols are not adhered to at these production systems. Food safety research at small-scale farms is low, accounting for 30% of peer reviewed articles between 2010 and 2015 ( Figure 2 ). This is despite the fact that a majority of the population living below the poverty datum line depends on produce from small-scale farms in many developing countries, South Africa included. 
Homestead gardens
Homestead garden farming falls under the smallest category of all vegetable production system. This is a farming system where a small plot of land (<1 Ha) is used for production, but not on a scale that could be considered a profession. Very little information about food safety at homestead gardens is available. As shown in figure 2 , 15% of publications between 2010 and 2015 concerned homestead gardens. More research at homestead gardens can help reveal additional information about (1) presence and/or absence of foodborne pathogens, and (2) microbial profiles and alterations thereof, in water (irrigation and wash water) and on leafy greens brought about by pre-and post-harvest activities.
Microbial Quality of Leafy Green Vegetables
There are diverse microbial communities present on the phylloplane, as epiphytes and endophytes. The aerial parts of plants provide a habitat on the surfaces of the leaves for a diverse spectrum of microbes including bacteria, yeasts, filamentous fungi, (56) protozoa and nematodes. (57) The composition of these microbial communities are symbionts; they include those that have key benefits to the plants (mutualistic), and some that may negatively affect plant health (parasitic, which include all plant pathogens) while a host of others are potential human pathogens. (56, 58) Fungi are ephemeral occupants of the phylloplane, being present mainly as spores while other species such as bacteria inhabit the phylloplane for longer periods and are the most profuse. (57) Similar to other microbes, bacterial communities are mainly affected by shifts in environmental conditions such as temperature and humidity (56) (58) to compensate for the limitations of the former more conventional techniques. (10) Jackson et al. (58) identified (56) These studies implicated that microbial diversity in the phylloplane of leafy greens was devoid of changes, regardless of culture or culture-independent analysis. However, Rastogi et al. (59) found that up to 8.4% of the total bacterial population can be cultivated using real-time quantitative PCR (qPCR) and by enumerating colony-forming units (CFUs) on agar plates. It is important to note that in their work, Dees et al. (56) did not identify any of the genera in the Enterobacteriaceae family that consist of potentially harmful human pathogens, such as Escherichia and Salmonella.
Main Outbreaks Associated with Leafy Green Vegetables
Most if not all foodborne pathogen outbreaks reported originated from commercial farming systems.
(60,61) However, outbreaks from small-scale farming and homestead gardens are considered underreported. (5) One of the comprehensive studies that explored potential links between the quality of irrigation water and the microbiological quality of food in small-scale farming systems was conducted by Gemmell and Schmidt (62) ; the results of their study revealed 15 poor microbiological quality of irrigation water and produce. Zoonotic bacteria that include several serotypes of S. enterica and verocytotoxin-producing E. coli O157 are amongst the biological threats leading most reported produce related occurrences. (63, 64) 
Escherichia coli
The third largest and deadliest E. coli outbreak reported in history occurred in 2011. This was associated with sprouts and caused the death of at least 54 people in Europe. (65) The outbreak resulted in more than 3800 cases, the largest documented number of hemolytic uremic syndrome (68) The authors reported that leafy vegetable-linked epidemics were larger than those ascribed to other food products and pathogens often associated with the outbreaks of Shiga toxin-producing E. coli (18%).
In 2015, epidemiologic evidence suggested that salad mixture was the likely source of an outbreak of the Shiga toxin-producing E. coli O157:H7. Ready-to-eat salads were implicated in a 2013 outbreak of E. coli O157:H7 in the United States of America that resulted in the hospitalization of 33 persons and no fatalities. (69) An outbreak of E. coli O157:H7 infection linked to consumption of fresh spinach was reported in 2006. (69) The traceback investigations during the outbreak of E. coli O157:H7 implicated the pre-packaged organic spinach and other leafy greens as the contaminants. The outbreak resulted in at least 33 infected persons. In 2010, shredded romaine lettuce from a processing facility was linked to an outbreak of two E. coli strains (O145 and O143) leading to several recalled products.
Salmonella and Listeria monocytogenes
Other foodborne disease pathogens such as Salmonella (60) and L. monocytogenes (71) Switzerland. (71) Simultaneously, a food producing company detected a similar strain of L.
monocytogenes contamination in ready-to-eat salads through its internal routine quality control.
Subsequent investigations confirmed that ready-to-eat salad from this company was in all probability the source of the outbreak. (71) Foodborne disease outbreaks of pathogens in developing countries are poorly reported or
are not reported at all due to the sub-standard surveillance system in these countries. (74) Conversely, the frequent report of foodborne disease outbreaks in developed countries such as the United States of America and Britain are largely attributable to better surveillance systems.
Although the challenges associated with contamination of fresh produce and risks of foodborne disease outbreaks are experienced by both the developed and under-developed economies, the need for improved standards as well as developing better detection techniques persist. Moreover, sources of microbiological hazards such as irrigation water are a common challenge for both developed and developing countries.
Pathogen Outbreaks Linked to Irrigation Water
Irrigation water is a potential source of pathogens in foodborne disease outbreaks associated with leafy green vegetables. In 2013, an outbreak control team in Sweden identified the source of an enterohaemorrhagic E.coli outbreak associated with contaminated fresh salad.
(75) The trace-back investigation showed that contaminated irrigation water was the likely source of the outbreak.
Irrigation water was reported as a likely source of contamination of iceberg lettuce that was implicated in another 2005 outbreak of E. coli O157:H7 in Sweden that resulted in 135 reported cases. (76) An outbreak of E. coli O157:H7 linked to prepacked spinach was reported in the United States of America. (77) The outbreak strain was recovered from river water used for irrigation and from animal fecal material. Therefore, the report concluded that river water functioned as a vector between the contaminated faeces and the irrigation wells used. Trace-back investigations also 18 concluded that water intended for irrigation was accidentally contaminated with E. coli O157:H7, thereby causing an outbreak associated with shredded lettuce. (78) Other reported foodborne disease outbreaks associated with fresh produce such as tomato (79) and peppers (80) have been linked to irrigation water. However, sometimes evidence suggesting a link between irrigation water and an outbreak is circumstantial. Cooley et al. (81) isolated a strain that was different from those associated outbreaks, while Mandrell (82) could not directly authenticate that irrigation water was linked to an outbreak.
Pathogen Transfer and Persistence on Produce
Pre-harvest (soil, irrigation water and human handling) and post-harvest factors (harvesting equipment and processing wash water) can be a source of contaminating fresh produce, but the significance of the respective stages in the -farm-to-fork‖ array concerning pathogen contamination is not yet known.
(1) Manas et al. (83) found that irrigation with water of poor microbiological quality resulted in significantly higher levels of contamination with Salmonella in lettuce compared to those irrigated with potable drinking water. Although polluted irrigation water is a primary source of fresh produce contamination, the pathway of the pathogen transfer to the leafy green vegetables is not yet clarified. Research has shown that the microbiological quality of irrigation water is a critical control point for food safety and for curbing the transmission of pathogens to humans, (84) as in the case of leafy green vegetables. (85) Research has demonstrated that pathogens such as E. coli O157:H7 can inhabit leaf surfaces or can penetrate into the soil when polluted water is used for irrigation. (86) Therefore, the peripheral and, potentially, internal contamination of leafy greens polluted through water irrigation is a major prospective risk factor for consumption of the raw leafy green vegetables. This makes the use of 19 microbiologically suitable irrigation water sources an essential preventative strategy.
However, a recent study highlighted that internalization through roots or stomata of pathogens such as E. coli O157:H7 is unlikely given the relatively high pathogen doses required and for survival of any length of time. (88, 89) Various intervention strategies have been suggested to lessen the risk of produce contamination with human pathogens during irrigation. (84) These interventions include a reduction in the influx of pathogen by direct input sources, treatment of water before storage (e.g., solar water disinfection) and manipulating irrigation programs. These practices assist in regulating the microbiological quality of water and aid in reducing the level of risk.
(87) The use of spray irrigation particularly close to harvest exposes the edible portion of leafy vegetables directly to contaminated water, (87, 90) while drip irrigation poses a lesser risk. The latter is particularly significant in fresh leafy greens that are consumed raw. (91) The survival and thriving of entero-pathogens in the phylloplane has received increasing attention (53, 54, 63, 64, 89, 92) as focus is now shifted towards safety concern for fresh produce. The fate of foodborne pathogens such as
Salmonella and E. coli O157:H7 has been investigated in pre- (92) and post-harvest (93) settings, respectively. The latter study reported that E. coli O157:H7 survived on lettuce stored at 4°C and were detected after 15 days, even when the initial inoculum was 10 0 to 10 1 CFU/g. The research according to Wood et al. (54) reported that nalidixic acid-resistant E. coli and non-pathogenic serotype O157:H7 strains inoculated by irrigation at 10 4 to 10 7 cfu/100 ml survived on spinach for up to six days. Erickson et al. (94) revealed that E. coli at 8 log CFU/ml persisted for up to 27 days while Salmonella spp. at a 2.5 log CFU/ml could persevere and contaminate the produce after spray irrigation. (92) It is important to note, however, that these studies were conducted under 20 different conditions and most likely contributing to their contrasting results. Erickson et al. (94) was a field study where air currents would have accentuated desiccation stress to any pathogens residing on the plants, while Kisluk and Yaron (92) used a greenhouse. In the latter study, survival of Salmonella did not last longer than 48 hrs due to the low pathogen dose.
Furthermore, according to Ongeng et al., (95) E. coli O157:H7 and Salmonella spp. have been shown to penetrate into the tissue of cabbage leaves from the immediate soil environment under a commercial farming system. However, Erickson et al. (5) studied the fate of E. coli O157:H7 and Salmonella present in the soil and the root of lettuce from home gardening practices. The authors inoculated E. coli O157:H7 and Salmonella with low and high concentration. Their results showed that the internalization of these pathogens into lettuce roots did not occur under practices that were typically encountered by home gardeners.
In a previous study, Erickson et al. (89) reported the occurrence of internalization of E. coli O157:H7 from the spinach and lettuce phyllospheres when inoculated with a high inoculum (7 to 8 log CFU/ml). Their result, however, showed that no internalization was observed in lettuce leaves at a low-dose inoculation (2.7 to 4.2 log CFU/ml). It has been demonstrated that enteropathogens can adapt and acclimatize to the conditions of the phylloplane environment, but they may be outcompeted by epiphytes, particularly if both isolates have similar nutrient requirements. (96, 97) Some epiphytes support the growth of entero pathogens on the phylloplane.
For example, E. coli O157:H7 survival on the surface of lettuce leaf is aided by Wausteriapaucula. (97) Other epiphytic bacteria such as Entero bacterasburiae (97) were linked to 21 the presence of the downy mildew pathogen, (98) which affects the survival of the entero pathogen (E. coli O157:H7) on letuce leaves. (97) The survival and persistence of these entero pathogens on the phylloplane thus has the potential to enhance chances of an infectious dose remaining at the point of consumption, if the cook-step is omitted; (96) this makes it a major concern to public health. Despite challenges in the production of hygienically safe fresh produce, an increase in the consumption of fresh vegetables has been observed. This is mainly due to the increasing awareness of their health benefit to the consumer.
(99)
Pathogen Detection and Identification Methods Used for Irrigation Water and Leafy Green Vegetables
The process of identifying and detecting pathogens was traditionally based on conventional microbiological methods. The conventional methods are mainly based on culturing of microorganisms on nutrient media subsequent to the biochemical testing (66) and more recently, the molecular identification of the pathogens using techniques such as MALDITOF MS and PCR. (100) Culture-based techniques are generally inexpensive and simple as the methods hinge on the capability of the microorganisms to be cultivated in culture media. Cultivating pathogens using conventional methods can yield preliminary results after 72 hrs. (101) However, both viable but non-culturable pathogens, which could be present may not be detected by the culture-based technique owing to environmental pressures, and, thus, may present false negative results.
Results by Du Plessis et al. (17) showed many false positive results when selective media were used for isolation of presumptive E. coli, Salmonella, and L. monocytogenes following enrichment in appropriate media. The risk of foodborne pathogen transmission could increase 22 due to the lack of novel scientific methods to correctly detect and identify pathogens (103) in leafy green vegetables.
Matric Assisted Laser Desorption Ionization Time of Flight (MALDITOF) Mass Spectrometry
Numerous studies have shown the accuracy of using the MALDITOF MS technique to identify microorganisms. (104, 105, 106) Studies have shown that this method is fast and appropriate for high throughput routine analysis. For instance, this procedure can be applied to identify Salmonella spp. (104, 107) and for the detection of plasmid insertion in E. coli. (108) It has also been used to discriminate wild-type isolates from ampicillin-resistant E. coli. (106) Hausdorf et al., (109) in their research using MALDITOF MS for identification purposes, were able to reflect the cultivable microbial populations in a spinach-growing environment.
PCR Techniques
Amplification of nucleic acids (110) using PCR based techniques has been used to detect and confirm identities of isolates. (111) Compared to the culture methods, molecular based techniques have greater specificity and sensitivity producing more rapid and accurate results. However, it is important to note that despite benefits of recent advances in rapid detection methods, the presence of nucleic acids belonging to pathogenic microorganism(s) does not imply the presence of viable organism(s). Therefore, culture based techniques are required to establish the extent, if any, of a food safety risk. Despite the report of the unreliability and microbial underestimation of the culture-based methods leading to a shift towards molecular technology, a pre-enrichment step may be performed before the molecular analysis to increase the number of the target microorganisms in vegetable samples. (102) This is necessary because inhibitors to the molecular 23 assays are present in the sample extract and prevent detection at lower pathogen populations.
Although very sophisticated and often fast, some molecular detection methods are generally only qualitative, not quantitative, due to this enrichment step, and therefore the data has limited value.
Digital droplet (dd), (112) multiplex (113) and quantitative (q) (114) PCR techniques continue to be of growing importance in modern research programs. Yet these technologies have not been adopted in regulatory diagnostic systems, which still rely on traditional methods and prescribed standards.
The ddPCR technology is the latest method; it is based on partitioning, mimicking limiting dilution and Poisson statistics to compensate for the confines of qPCR. (112, 115) In ddPCR, the bulk reaction is apportioned into hundred thousand to millions of nanoliter (sometimes picoliter) reactions inside small chambers on a chip or within water in oil droplets preceding PCR amplification. (112) This technology is not as affected by deferred amplification or inconsistency in Cq values as is qPCR; (116) hence, it is more precise than other PCR techniques (115) and less affected by PCR inhibitors. The multiplex PCR (mPCR) technique detects two or more pathogens in one assay.
Law et al. (103) stated that mPCR offers a more rapid detection method compared to the conventional technique through the simultaneous amplification of multiple gene targets.
Designing of the primers is critical for the development of mPCR, as the primer sets should have similar annealing temperatures to yield a successful assay. (101) This detection approach is economically favorable as it reduces the total space required for handling a large number of samples. The technology has been used to detect foodborne pathogens in lettuce, (117) milk and processed food. (113) Chen et al. (118) 
Next Generation Sequencing
The recently developed high-throughput next generation sequencing (NGS) technology, such as 454 pyrosequencing of the small sub-unit (SSU) rRNA genes, offers a holistic comprehensive microbial community structure. (10) Orgiazzi et al. (120) stated that although NGS technologies are not exempted from bias, they help investigate microbial diversity at an exceptional high level of resolution. Fungal populations in soil (121) and freshwater lake ecosystems (122) have been assessed using pyrosequencing technology. Chidamba and Korsten (10) used the pyrosequencing technology to investigate the bacterial diversity in river and RHRW that serves potable purposes in rural communities. Their study detected several bacterial phyla including Proteobacteria.
Telias et al. (123) studied the bacterial population diversity and variation in different spray water sources and that of tomato fruit phylloplane using the pyrosequencing technique. Their study was the first to use a NGS technology to investigate the bacterial populations on the fruit phylloplane of a tomato crop under two dissimilar spray water systems. Thus, the results exemplified an essential step concerning the improvement of science-based metrics for good agricultural practices. (123) 
Genotypic and Phenotypic Characterizations
Moreover, genotypic characterization of microbial isolates has been achieved using molecular methods such as enterobacterial repetitive intergenic consensus (ERIC) PCR analysis (17) and (GTG) 5 -Rep-PCR. (16) These methods are resolute in discriminating between microbial isolates and, as shown by recent articles, were able to distinguish among isolates from particular sampling sites and/or species; thus, they become helpful in linking microbial quality of fresh produce with contaminated irrigation water. (16, 17, 124) Genotypic characterization using the aforementioned methods has been carried out to differentiate isolates originating from diverse sources, i.e., irrigation water, (16) human, cattle, pigs and other sources. (125) Phenotypic characterization of microbial pathogens (126) using antimicrobial susceptibility methods (i.e., the Kirby Bauer disk diffusion) (127) have also been used, sometimes in conjunction with genotypic (ERIC and GTG 5 -REPPCR) classifications. (16, 17, 124) The simultaneous use of both genotypic and phenotypic classifications can enable the differentiation among pathogen isolates from a specific sampling site and/or species, and can also help to establish the source and link between contaminated fresh produce with polluted irrigation water. (17) Overall, modern technology has now provided a platform of methods that can be used simultaneously or in tandem giving a more comprehensive analysis of the food safety status within the farm -to-fork continuum.
Conclusions
Food safety issues regarding irrigation water and leafy green vegetables are still a constant challenge to all relevant stakeholders. However, underreporting and knowledge gaps contribute to the unknown magnitude of this challenge. There are several outbreaks associated with leafy 26 greens and linked to contaminated irrigation water. Reduced accessibility to good quality irrigation water is central to the production of potentially unsafe and contaminated fresh produce.
This review concludes that RHRW is an alternative source water for irrigation of leafy green vegetables. Method validation and verification is important to ensure that detection methodologies are effective in food safety management systems. Food safety management tools and necessary education are necessities at all leafy green production systems. However, sanitary surveys and testing should be used simultaneously in these situations to complement existing strategies (GAPs).
